ABSTRACT To explore the mechanisms involved in the genetic control of muscle growth and protein gain, protein metabolism was assessed in the pectoralis major muscle of two chicken lines selected for either fast or slow growth. Protein synthesis was measured in vivo at various ages from 1 to 4 wk, using a flooding dose of L-[4-3 H] phenylalanine. Protein degradation was estimated as the difference between synthesis and deposition. Over the experimental period, BW were about 2-fold greater (P < 0.001), and pectoralis major muscle weights were 2.4-to 3.6-fold higher (P < 0.001), in chicks from the fast-growing line (FGL) than those from the slow-growing line (SGL). Inde-
INTRODUCTION
The accretion of muscle protein, and therefore muscle growth, depend upon the balance between synthesis and degradation of muscle proteins. In order to determine which component of muscle protein metabolism exerts the major effect, heavy (or fast-growing) and light (or slow-growing) animals have been compared in several animal species, including birds. Comparisons using broiler-type (heavy) chickens and layer-type (light) chickens have suggested that greater muscle development relies more on a decrease in protein degradation than on an increase in protein synthesis when compared on the basis of fractional rates (Maruyama et al., 1978; Maeda et al., 1984; Hayashi et al., 1985; Muramatsu et al., 1987 Muramatsu et al., , 1990 Saunderson and Leslie, 1988 ; for a review, see Griffin and Goddard, 1994) . Comparisons using experimental lines divergently selected for growth rates did not reveal any clear or unequivocal conclusion; e.g., changes in the fractional rates of muscle protein synthe-1 To whom correspondence should be addressed: tesserau@ tours.inra.fr. 1465 pendent of age, absolute rates of protein deposition, synthesis, and breakdown were higher in FGL than in SGL chickens. Fractional rates of muscle protein synthesis clearly decreased with age. When comparing birds of the same age, fractional rates of muscle protein synthesis tended to be lower in the FGL. Fractional degradation rates (KD) were significantly lower in FGL chickens during the first 2 wk of post-natal growth, whereas KD were similar between lines in older chickens. In this experimental model of chicken lines divergently selected for BW, the greatest line-related difference in muscle protein metabolism was in KD, and was observed in the early growth phases. sis and breakdown were not detected in chicks selected for higher BW (Tomas et al., 1988 (Tomas et al., , 1991 . Conversely, fractional synthesis and fractional degradation rates were greater in dwarf than in normal chickens (Jones et al., 1986b ). Significant differences in muscle protein synthesis and degradation rates were also found among quail strains selected for different body size (Maeda et al., 1986 (Maeda et al., , 1991 . To better understand the mechanisms underlying muscle protein deposition, we have compared in vivo protein turnover in experimental lines of fast-or slow-growing chickens. These two lines have been obtained by divergent selection within an initial population of Bresse-Pile chickens, a meat-type strain (Ricard, 1975) . Therefore, from a genetic point of view, these two lines are more closely related than broiler-and layer-type chickens. Two experimental protocols were performed in order to assess the rates of muscle protein metabolism at different ages. Protein synthesis and degradation were determined in pectoralis major muscle, which is the tissue of greatest interest in growing chick-ens and is representative of a completely fast-twitch glycolytic muscle type.
MATERIALS AND METHODS
Birds were selected in our Research Station over 33 generations (Ricard, 1975) . They were taken from an initial meat-type population and split into two lines by divergent selection on the basis of their growth rate, selection having been stopped for more than 15 generations. As a result, no significant change was observed in the divergence in the growth rate between the two lines during the last generations. Growth parameters and carcass characteristics of these lines have been described previously (Ricard and Leclercq, 1985; Remignon et al., 1994 Remignon et al., , 1995 . Chickens from the fast-growing line (FGL) are about 2.3 to 2.4 times heavier than those from the slow-growing line (SGL) at 9 and 11 wk of age. In the present studies, 1-d-old chickens from each line were placed in heated battery compartments. During the whole experimental period, relative humidity was maintained at about 45 to 50%. The ambient temperature was gradually decreased from 32 C when chicks were 1-dold to 26 C when they were 3-wk-old. After an initial 48-h period of continuous lighting, the lighting regimen was a 16-h light:8 h dark cycle (lights on at 05:00 h). Food and water were available ad libitum. Birds received a standard corn-soybean meal diet that provided 220 g crude protein/kg and 3,100 kcal ME/kg. Protein metabolism rates were determined at different ages: 1 and 2 wk of age (Experiment 1), and 2.5 and 4 wk of age (Experiment 2). On Day 6 of Experiment 1 and Day 8 of Experiment 2, chickens from each line (FGL and SGL) were weighed. Forty-eight were selected on a BW basis and placed in individual cages. Weights were then recorded weekly. Experiment 1. At 1 and 2 wk of age (on Days 8 to 9 and 13, respectively), growth performances, pectoralis major muscle characteristics, and protein synthesis rates were measured in five to twelve chicks from each line (FGL or SGL, Generation 33). The chickens selected displayed growth performances similar to the mean of the group. Experiment 2. Rates of pectoralis major muscle protein metabolism were measured using the same experimental procedure at 2.5 and 4 wk of age (on Days 15 to 17 and 27 to 28, respectively). Both FGL and SGL chickens were from Generation 32. Protein synthesis was measured in 7 to 11 chicks per age and line. estimated in the same chicks (for details, see the paragraph on calculations).
Protein synthesis rates were measured in vivo according to the flooding dose method (Garlick et al., 1980 (Garlick et al., , 1994 . This technique, previously validated in chickens by Okumura and co-workers (Muramatsu and Okumura, 1985) , was adapted in our laboratory (Tesseraud et al., 1992 (Tesseraud et al., , 1996a . Chickens were weighed at approximately 13:00 h. Experiments were carried out between 13:30 and 15:30 h in chicks that had not eaten for 2 to 4 h. Briefly, 15 min before slaughter, each bird received a single intravenous injection of unlabelled L-phenylalanine (150 µmol/100 g BW) combined with 50 µCi/100 g BW of L-[4-3 H] phenylalanine 2 to flood the precursor pools as previously described (Tesseraud et al., 1996a,b) . In both experiments, the specific activities of plasma free [ 3 H] phenylalanine were similar between genotypes and were at least equal to 80% of the specific activity of the injected phenylalanine. In addition, the specific activities of free phenylalanine in pectoralis major muscle were close to the specific activity measured in plasma (muscle values were approximately 95% of plasma values). There was no significant age or group effect on these values using variance analysis. Just before slaughter, a general anesthesia 3 was given in the pectoralis major muscle (right side). The birds were decapitated and exsanguinated, and then blood was collected in heparinized tubes. Plasma was prepared and frozen at −20 C. The left pectoralis major muscles were quickly excised, weighed, and then frozen in liquid N 2 within an average 3-to 4-min period after exsanguination. This extra time was not taken into account for the calculation of incorporation time. Muscle samples were finally stored at −20 C until analysis.
Muscle protein synthesis rates were assessed according to procedures described by Garlick et al. (1980) . Briefly, the acid soluble fraction containing free amino acids was separated from the protein precipitate (extraction in 0.2 M perchloric acid), and free and proteinbound phenylalanine-specific activities were measured after conversion to β-phenylethylamine. This compound was measured fluorimetrically 4 and quantified for radioactivity by liquid-scintillation counting. 5 The fractional protein synthesis rates in pectoralis major muscle [KS, in %/d; i.e., the amount (g) of protein synthesized each day per 100 g of pectoralis major muscle proteins] were calculated as KS = 100 Sb/Saؒt, where Sb, Sa, and t represent the specific activity of protein-bound phenylalanine, the specific activity of free phenylalanine, and the incorporation time expressed in days, respectively. An aliquot of muscle protein precipitates was also used to determine protein muscle content according to Smith et al. (1985) , by the colorimetric reaction with bicinchoninic acid.
6 Muscle RNA content was measured from the UV absorbance 7 at 260 nm with a correction for peptide material based on the UV absorbance at 232 nm, as previously described (Munro and Fleck, 1969) .
Fractional rates of pectoralis major muscle protein gain (KG) were estimated according to the procedure described by McDonald and Swick (1981) and Tesseraud et al. (1996b) . Briefly, regressions were established for each line within each experiment between BW and pectoralis major muscle protein mass (r 2 = 0.95 − 0.98). Calculations included the same chicks per line used for synthesis measurements and additional chicks killed 2 or 3 d before and after the day of the experiments for protein synthesis measurements to better estimate pectoralis major muscle deposition. We therefore determined muscle protein mass for 20 (Experiment 1) or 37 (Experiment 2) chicks per line. From these regressions, we deduced the amounts of pectoralis major muscle protein gained per gram BW gained. The pectoralis major muscle protein gained per day (mg protein/d) was then calculated for each chick used for protein synthesis measurements from its daily growth rate (g/d) . This method provides a crude estimation of muscle protein gain. The KG (in %/d) was calculated as follows: the pectoralis major muscle protein gained each day divided by the total pectoralis major protein mass present on the day of the experiment. The fractional rates of protein breakdown (KD) were finally estimated as the difference between synthesis rates and gain rates (KS − KG).
Absolute rates of the protein turnover in pectoralis major muscle [i.e., the total amount of protein synthesized (ASR), the total amount of protein gained (AGR), and the total amount of protein degraded (ABR) each day (in g protein/d)] were calculated by multiplying KS, KG, or KD by the total muscle protein content present on the day of the experiment. The capacity for protein synthesis [i.e., ribosomal capacity (CS)] was estimated as the ratio of RNA to protein (µg RNA per mg protein), because most of the RNA present in tissues is of the ribosomal form. We determined the translational efficiency by calculating the amount of protein synthesized per mg RNA and per day [mg protein/(dؒmg RNA)].
Statistical Methods
Values are given as means with their standard errors. A two-way analysis of variance was performed to discriminate between the effects of age and genotype and their interaction in the whole population (StatView, Version 5.0 8 ). A Student-Newman-Keuls test was conducted to identify the difference among the groups. Where not specified, the level of significance used was P < 0.05.
RESULTS
Body weight (g) and BW gain (g/d) measured at the different ages in both experiments are presented in Figure 1 (a and b, respectively) . In both experiments and all ages of chicks, the BW were approximately 2.1-fold, and the BW gains were 2.3-to 3.2-fold, greater for the FGL than the SGL. The pectoralis major muscle weights 8 SAS Institute, Inc., Cary, NC 27513. were also 2.4-to 3.6-fold higher in the FGL than in the SGL (Tables 1 and 2 ). Moreover, when expressed as a proportion of BW (g/kg), pectoralis major muscle mass had a higher ratio (P < 0.001) in the FGL than in the SGL chicks.
Data on protein turnover and variance analyses are presented in Table 1 (Experiment 1) and Table 2 (Experiment 2). There were significant effects (P < 0.001) of genotype and age for AGR, ASR, and ABR, irrespective of experiment. Within each experiment, all parameters increased with age for both lines and were higher in the FGL as follows: AGR, approximately 2.3-to 3.5-fold; ASR, 2.1-to 2.8-fold; and ABR, 1.7-to 2.4-fold. Independent of genotype, KS and KG, as well as CS, decreased with age (P < 0.001), whereas ribosomal efficiency remained constant within each experiment. The KS were similar between genotypes, with a tendency to be lower in FGL chicks in each experiment. In contrast, KD was Means not sharing same letter are significantly different (P < 0.05).
1
For means and SE, n = 5 to 12.
2 Efficiency of protein deposition = (100 × fractional rate of protein gain)/fractional rate of protein synthesis.
significantly decreased (P < 0.05) in FGL in Experiment 1. A similar, although nonsignificant, effect was observed in Experiment 2. The FGL chickens exhibited greater efficiencies of muscle protein deposition only in Experiment 1 (P < 0.05). Means not sharing same letter were significantly different (P < 0.05).
For means and SE, n = 7 to 11. Efficiency of protein deposition = (100 × fractional rate of protein gain)/fractional rate of protein synthesis.
The experimental protocol was designed to permit a comparison of the two genotypes (i.e., at similar BW or similar pectoralis major muscle protein masses rather than equal ages) to take into account the hypothesis that SGL birds are physiologically younger (delayed devel-opment). This comparison was possible for 1-wk-old FGL chickens vs. 2-wk-old SGL chickens in Experiment 1, and for 2.5-wk-old FGL chickens vs. 4-wk-old SGL chickens in Experiment 2 (Tables 1 and 2 ). In these comparisons, AGR was higher for the FGL than the SGL (P < 0.05). The ASR was higher only in Experiment 2 (P < 0.05). The CS and KS were similarly increased, but this appeared to be mainly an effect of age. The KD was not modified.
DISCUSSION
Chicken lines divergently selected within an initial population for high or low growth rates (FGL and SGL; Ricard, 1975) were used to investigate muscle protein turnover. These two lines exhibit a large difference (at least twofold) in BW and pectoralis major muscle weight from 1 through 4 wk of age. A similar ratio was previously obtained at 9 or 11 wk of age (Ricard and Leclercq, 1985; Remignon et al., 1994 Remignon et al., , 1995 . It has previously been shown that FGL chickens exhibit an increase in the number (20%) and the size (90%) of muscle fibers (Remignon et al., 1994 (Remignon et al., , 1995 . In vitro, the proliferative activities of satellite cells isolated from the pectoralis major muscle are more responsive to serum or insulin-like growth factor-1 (IGF-1) when they came from FGL chicks, that would contribute to the hypertrophy of muscle fibers (Duclos et al., 1996) . In vivo, hypertrophy of muscle fibers also requires an active anabolism. The FGL and SGL chickens selected only on the basis of growth criteria can provide an interesting model to study the physiological regulation of muscle growth and metabolism.
In the present study, we found that selection for faster growth increased the AGR in the pectoralis major muscle, whether comparisons were made on the basis of similar age or weight. This difference was accompanied by a slightly greater fraction of synthesized protein that was retained, suggesting a higher efficiency of protein deposition for FGL chickens, in keeping with the results obtained in fast-and slow-growing rats (Bates and Millward, 1981; Tomas and Pym, 1995) .
There is evidence that KS declines with age in chicks, as in mammals (P < 0.001, present data; Lobley, 1993; Tesseraud et al., 1996a; Grizard et al., 1999) . Conversely, changes in muscle KS due to genotype appeared to be unclear. In the present study, pectoralis major muscle KS were found to be similar between genotypes at similar ages. Previous works have reported contradictory results. On one hand, rapidly growing animals exhibited lower muscle KS (broiler-type vs. layer-type chickens, Hayashi et al., 1985; normal vs. dwarf chicks, Jones et al., 1986b) or lower whole-body KS (broiler-type vs. layer-type chickens, Muramatsu et al., 1987) than slowgrowing animals. In these cases, selection for growth might induce a decrease in KS as well as in KD (see below; i.e., in the two major components of protein metabolism), which could be accompanied by a more efficient usage of energy and protein. On the other hand, other studies indicated a greater KS in muscle of rapidly growing chickens (Maruyama et al., 1978; Maeda et al., 1984; Jones et al., 1986a; Saunderson and Leslie, 1988) . Finally, the line-related differences in protein synthesis are dependant on the type of comparison made. An in vitro study using two isolated muscles demonstrated a greater KS (+13 and 27% in ulnaris lateralis and extensor digiti communus, respectively) for muscles coming from fast-growing chicks when corrected for DNA unit size, but unchanged KS when comparisons were made at equal ages (Klasing et al., 1987) .
At ages of 1 to 2 wk, the calculated KD in the FGL was significantly lower than in the SGL. Such a decrease in KD in fast-growing animals is consistent with the data of previous comparative studies performed in broilertype and layer-type growing chickens (for a review, see Griffin and Goddard, 1994) . Similar findings were reported in experiments using quail selected for large body size (Maeda et al., 1986 (Maeda et al., , 1991 . Under our experimental conditions, the line-related differences in KD became smaller with age. The KD were significantly different between the genotypes for young birds (1 to 2 wk of age), but not for older ones. Such early effects have also been observed by others (Saunderson and Leslie, 1988) , which would suggest that growth rate is determined by transient and early changes in the fractional rates of protein turnover (protein breakdown in particular).
The mechanisms involved in the genetic difference in muscle protein breakdown are not well understood. First, activities of cathepsins B, D, and H were similar in the muscles of broiler and layer chickens (Saunderson and Leslie, 1989) . In contrast, there was less calpain activity, and more calpastatin activity, in skeletal muscle of broiler chickens than in that of layer chickens (Johari et al., 1993; Schreurs et al., 1995) . However, neither lysosomal nor calcium-activated proteases (i.e., cathepsins and calpains, respectively) play a major role in skeletal muscle myofibrillar protein breakdown (Attaix et al., 1998) . Whether a genetic divergence in the regulation of the ubiquitin-proteasome pathway contributes to the differences in muscle KD between fast-and slow-growing animals remains an open question. The recent work by Harper et al. (1999) suggests that the differential growth rates between broiler and layer chickens are not related to the extent of ubiquitin expression or conjugation. In chickens, no data are available on the possible line-related variations of the expression of some proteasome subunits. However, it should be noted that ubiquitin, 14-kDa ubiquitin conjugating enzyme, and proteasome subunit expressions were not altered in mice with muscular dystrophy (Combaret et al., 1996) . More generally, the lack of detectable modification of the proteolytic gene expression may result from the slight and progressive changes of muscle protein mass over a long period.
In conclusion, by comparing two experimental chicken lines divergently selected for BW, we showed that faster muscle growth and greater muscle protein deposition are, at least for the pectoralis major muscle, the consequence of a decrease in protein breakdown rather than an improvement in protein synthesis. These differences between the genotypes were observed for young birds (i.e., at ages of 1 to 2 wk). The underlying mechanisms have yet to be elucidated.
